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Abstract
The influence of osmotic pressure and solute adsorption on permeate flux during nanofiltration (NF) of a wool textile dye solution was
investigated. Solutions of C.I. Acid Orange 7 with concentrations ranging from 2 to 2000 mg/l were subjected to nanofiltration with a NF
45 membrane. An increase of flux decline with dye concentration was observed. The resistance-in-series model gives evidence that the main
factor causing this flux decline is the solute adsorption. This is reinforced by the increase in the apparent rejection with dye concentration.











































esistance was calculated from a correlation between the pure water fluxes, measured before and after the essays, and feed dye
Langmuir isotherm type curve agreed well with experimental data. From the solution-diffusion model, the intrinsic rejection co
an be predicted as function of feed dye concentration.
2005 Elsevier B.V. All rights reserved.
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. Introduction
Wastewaters from textile industry are the main source of
ndustrial pollution in several regions of Portugal. Dyes from
yeing operations are the major source of colour in textile
ffluents. In typical dyeing processes, 50–95% of the dye
s fixed onto the fibre, and unfixed dyes are discharged in
he spent dye-bath or in the wastewaters from subsequent
ashing operations[1]. Among the various colorants used in
he textile industry, azo dyes are, nowadays, the most com-
on compounds used for this purpose particularly ionic dyes
pplied in wool dyeing processes[2,3]. These compounds
re characterized by the presence of one or more azo bonds
N N ), which are responsible for the colour and contribute
artially for the recalcitrant nature of the textile effluents.
heir resistance to biological degradation in classical acti-
ated sludge systems is well documented[4,5].
∗ Corresponding author. Tel.: +351 275 319 759.
E-mail addresses:imscg@ubi.pt, imscg@yahoo.com (I.C. Gonc¸alves).
In order to meet the stringent levels of quality requ
for process water and wastewater treatment, membrane
nologies have been object of special attention. Since the
experiments in 1990, several authors have showed the
bility of concentrating dyes, saving water, auxiliaries (mo
salts) and energy by the utilization of commercially availa
Nanofiltration (NF) membranes[6,7]. Nanofiltration has th
advantage of retaining relatively small organic molecules
bivalent ions from water solutions, substances that are w
used in dyeing industry.
Most of the experiments reported in the literature h
been performed in a wide range of dye concentrations
with mixtures of monovalent salts (NaCl) and reactive d
For instance, Koyuncu[7] found, in the presence of lo
salt concentrations (NaCl, 1 g/l), dye rejections greater
98.5% for Reactive Black 5 (1–50 g/l) and greater than
for Reactive Orange 16 solutions in lower concentrat
(0.1–5 g/l) with a NF membrane DS5 DK. Tang and C
[8] obtained in average 98% dye removal in experiments
ried out with Reactive Black 5 (0.09–1600 g/l) in the prese
of NaCl (20 g/l) using a TFC-SR2 (Fluid Systems) NF me376-7388/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.memsci.2005.01.031
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brane. In wool dyeing, residual dye bath concentrations are in
general lower than 400 mg/l, thus studies on the nature and
intensity of interactions solute–solute, solute–membrane at
this range of concentration, may constitute a key factor on
the feasibility of nanofiltration permeation processes[7–9].
The influence of those interactions on the membrane per-
formance (selectivity and permeate flux) is, however, very
dependent on the molecular size and concentration of dyes
and salts, often leading to a high dye retentions due to steric
and charge effects[1,7].
The success of the application of membranes for the pu-
rification of dyehouse wastewaters is related, among other
factors, with the magnitude of the permeate fluxes decline. In
nanofiltration, flux is affected by concentration polarization
or by fouling phenomena. Either contributes for a decrease
of the driving force for the filtration leading to an increase of
the osmotic pressure or increase of the resistance to the flux
due to adsorption, pore blocking or solute deposition[10].
In nanofiltration of dye solutions, various mechanisms
have been presented as responsible for the decrease of flux
values. Several authors have suggested a dynamic mem-
brane formation as a direct result of the accumulation of dye
molecules at the membrane surface. According to these re-
searchers, this colloidal fouling layer, also caused by dye
adsorption, could be removed by adequate membrane clean-





























this layer, to the following equation[12]:
Cm − Cp
Cf − Cp = e
Jv
D/δ (1)
whereJv is the permeate (solvent) flux,D the solute diffusion
coefficient,Cf , Cm andCp are the solute concentration in the
feed, at the membrane surface and in the permeate, respec-
tively. The quantityD/δ represents the mass transfer coeffi-
cient,k, which depends on the kind of solute and equipment
and is given by empirical correlations.
Due to the development of this concentration profile, two
rejection coefficients are defined: the apparent rejection co-
efficient,f, and the intrinsic rejection coefficientf′. These two
coefficients are related by the following equation[12,13]:







The solute transport across the membrane is very often
described by the solution-diffusion model that considers two
main steps; sorption and diffusion.
In the diffusion step, the solute flux,Js, is given by the
first Fick’s law, which after integration across a membrane of
thicknessl, from the solute concentration in the membrane






















l-Bastaki [11] refers the formation of a dynamic me
rane originated by the concentrated dye at the mem
all. However, the extend of dye adsorption as well as it
ersibility are determined by factors such as dye-memb
hysicochemical interactions (e.g., hydrophobic and pola
eractions and charge transfer), which depend on the n
f the components, dye concentration, pH and cross-flow
ocity.
In this paper, the effects of adsorption and osmotic p
ure on the nanofiltration of a monoazo dye (C.I. Acid Ora
) solution are investigated. Essays were carried out w
F 45 membrane in different operational conditions, nam
ressure, cross-flow velocity and dye concentration.
.1. Theory
The performance of pressure-driven membrane proce
amely nanofiltration, is associated to phenomena as co
ration polarization and fouling caused by solute adsorp
r pore blocking. Concentration polarization occurs du
he accumulation of solute that is being retained at the m
rane interface. This results in a concentrated layer les
eable to the solvent associated to higher osmotic pre
π) at the membrane interface which leads to a decrea
he effective driving force[10].
The traditional model for describing the concentration
arization (concentration profile) is based on the film the
hat assumes a layer of concentrated solution with con
hickness,δ, adjacent to the membrane. A differential ste
tate mass balance for the solute leads, after integrat,
embrane side facing the permeate,C′p yields:
s = Dsm
l
(C′m − C′p) (3)
hereDsm is the diffusion coefficient of the solute in t
embrane.
A sorption step describing the solute equilibrium betw
he membrane phase and the adjacent fluid phase is qua















is the solute permeability coefficient and c
e indicated byB.
Considering unhindered flow through the membr
s =JvCp. Introducing this in Eq.(4) and using the definitio
f intrinsic rejection coefficient, the following expression
btained:
′ = Jv
Jv + B (5)
The solvent flux,Jv, is proportional to the effective appli
ressure (P− π), as given in Eq.(6):
v = L′p(P − π) (6)
hereP is the applied pressure across the membraneπ
he osmotic pressure across the membrane andL′p the solven
ermeability coefficient.
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The intrinsic rejection coefficient can then be written as:
f ′ = (L
′
p/B)(P − π)
(L′p/B)(P − π) + 1
(7)
The osmotic pressure can be calculated or experimentally
determined. For very dilute solutions (concentrations lower
than 0.2 mol/l) of a single solute, the calculation of the os-
motic pressure can be made by the van’t Hoff equation[14].
For higher concentrations, the osmotic pressure,π, can be
given by[10,15,16]:
π = A1C + A2C2 + A3C3 + · · · (8)
whereC is the solute concentration andA1, A2, andA3 are
the adjustable coefficients. In this work, nanofiltration exper-
imental data are used to obtain a correlation of the osmotic
pressure with the feed solute concentration[15,16].
When apparent rejection is sufficiently high, Eq.(1) can
be written asCm = (Cf ) e
Jv
k and the osmotic pressure differ-
ence can be calculated by the concentration at the membrane
surface (Cm), as follows:
π = π(Cm) − π(Cp) ≈ π(Cm) (9)
sinceπ(Cp) is negligible.
























contact angle)[18]. Some authors reported that NF 45 dis-
plays an isoelectric point at pH 6.5[19–21].
2.2. Nanofiltration experiments
Experiments were carried out in a plate and frame system
LabUnit M20 (Danish Separation Systems AS-Denmark).
A membrane effective surface area of 0.072 m2 was used.
Permeation experiments were run at constant temperature,
25◦C, with transmembrane pressures,P, ranging from (6
to 36)× 105 Pa (6 to 36 bar) and cross-flow velocities,〈u〉,
from 0.19 to 0.87 m/s (the maximum value reached by the
recirculation pump).
Before the first permeation tests with model solutions,
the membranes were pressurized at 42× 105 Pa (42 bar) for
about 3 h by recirculation of pure water. This procedure in-
tends to minimize the influence of the compaction effects of
the membrane in subsequent experiments.
The nanofiltration essays were performed in recycle mode,
in which the retentate and permeate were both recycled back
to the feed tank in order to hold the concentration of the feed
solution constant. Samples of permeate and retentate were
gathered for analyses. Sampling was done in steady state con-
ditions (about 30 min after the last change of the parameters



















t lessesistance, the solute(s)/membrane interactions may pl
mportant role on the permeation performance due to ad
ion effects that can be accounted for by an additional r
ance,Rads.
Permeate flux,Jv, can be predicted considering, besi
smotic pressure, a total resistance to flow,Rt, that is the sum
f the intrinsic membrane resistance,Rm, and additional re
istances like those caused by concentration polarizatio
ormation,Rg, andRads. The permeate flux is given by[1]:
v = P − π
µRt
(10)
hereµ is the water viscosity andRt =Rm +Rg +Rads.
The permeability coefficient,L′p, is defined as 1/µRt. The




The commercial membranes NF 45 from Filmtec w
sed. According to the manufacturer, these membrane
hin film composite on a polyester support viable for op
ion at pH from 2 to 10 and temperatures until 45◦C. The NF
5 membranes are reported in the literature as having
ayer of polyamide composition[17]. Polyamide compound
ave amide and carboxyl groups bound to the aromatic r
hich tend to reduce membrane hydrophobicity (baseameters and manually by measuring the volume change
ime. Measurements were done in triplicate. After each ex
ment, the membranes were carefully washed with pure w
nd a solution of an alkaline cleaning agent (P3 Ultras
rom Henkel-Ecolab). Whenever the difference between
ure water permeability coefficients, measured beforeLp)
nd after (L′p) permeation of dye solutions, was higher t
%, a new set of membranes was used.
Solutions of a monoazo dye C.I. Acid Orange 7, A
Fig. 1) in concentrations ranging from 2 to 2000 mg/l w
sed in the present work.
.3. Reagents
The chemicals glycerol (with molecular weight,M,
2 Da), glucose (180 Da), sucrose (342 Da), raffin
504 Da) and the polyethylenglycols (600, 1000 and 1500
ere supplied by Merck—Germany. Dyes Acid Ora
, AO7 (351 Da), Acid Orange 33, AO33 (720 Da),
ect Red 80, DR80 (1356 Da) and sulfanilic acid (173
ere purchased from Sigma–Aldrich, USA. All the so
ions were prepared with deionised water (conductivity
Fig. 1. Chemical structure of dye Acid Orange 7.
160 A.C. Gomes et al. / Journal of Membrane Science 255 (2005) 157–165
Fig. 2. The MWCO determination for NF 45 membrane for neutral (a) and charged (b) solutes.
than 1S/cm). These chemicals were used for the molecu-
lar weight cut-off determination and the dye AO7 in studies
performed with NF45 membrane.
2.4. Analytical methods
Dye concentration was determined by spectrophotome-
try in a Perkin-Elmer spectrophotometer Lambda 6 (Perkin-
Elmer, USA). These measurements were made at the max-
imum absorbance wavelength (λmax) in the visible range.
The conductivity measurements were performed at 25◦C
with a Conductivimeter WTW, Tetra Cond—Germany. To-
tal Organic Carbon, TOC, determinations were made in a
Dohrmann Carbon Analyser DC-85 A (Dohramann, USA).
2.5. Membrane characterisation
The characterisation of the NF 45 membrane was per-
formed by the determination of the pure water permeability
coefficient,Lp, and the membrane molecular weight cut-off
(MWCO).
The pure water permeate fluxes,Jw, were measured
at P of (10, 15, 20, 25, 30 and 35)× 105 Pa (10, 15,
20, 25, 30 and 35 bar). The slope of the straight lineJw



















3. Results and discussion
3.1. Flux decline
In order to develop a model to predict the flux decline and
the rejection in nanofiltration of AO7 anionic dye solutions,
two major factors were taken into account; osmotic pressure
and adsorption.
The osmotic pressure of AO7 solutions was determined
from the data ofJv versusP, which are linearly correlated,
for several concentrations. The extrapolation to zero flux,
Jv = 0, yields the osmotic pressure, as this equals the value
of the applied pressureP, according to Eq.(6) [15,16]. As
reported in the literature, the osmotic pressure values esti-
mated by this method and those obtained experimentally by
the vapour pressure method are in good agreement[16].
According to Eq.(8) the osmotic pressure values,π (Pa
(atm)) are given by:
π = 0.62413C − 0.07433C2 + 0.00299C3 (11)
For dye concentrations,C (g/l), higher than 3 g/l, the osmotic
pressure becomes almost independent of the concentration
(Fig. 3). This can be due to dye aggregation, which increases






g/l.p = (3.7× 10−5 kg/m2 h Pa (3.7 kg/m2 h bar).
The MWCO was determined from permeation exp
ents with solutions of organic charged solutes (ionic
rom 350 to 1360 Da and precursors used in dye synthe
ulfanilic acid) and organic neutral solutes (with molec
eights ranging from 92 to 1500 Da as glycerol, glucose
rose, raffinose and polyethylene glycol) at the operation
itions of P= 1× 106 Pa (10 bar) and〈u〉 = 0.87 m/s. Th
olute apparent rejection,f, is based on the TOC rejecti
f a 200 mg/l solution of each compound. The intercep
f the curve-fitting of the results of log(f/(1− f )) versus so
ute M with the line of 97% rejection results in a MWC
f 340 Da for neutral solutes and 315 Da for charged so
Fig. 2) [22]. This slight difference could be attributed to el
rostatic interactions between the membrane surface c
nd the ionic components. However, as the experiments
erformed near neutrality (pH 6, the isoelectric point of
embrane), only weak interactions are expected to occer of particles in solution along with an increase of their s
ead to lower increments ofπ with C [23]. The values o
(Cm) and ofπ(Cp) obtained from Eq.(11)allow the calcu
ation ofπ (Eq.(9)).
The mass transfer coefficients,k, were obtained from
he correlation proposed by Grober and used in Lab
Fig. 3. Osmotic pressure of dye solutions in concentrations up to 7
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Fig. 4. Experimental (©) and calculated () fluxes using the osmotic pres-









where dh is the hydraulic diameter calculated as 4b (b
is the channel semi-height) andL is the channel length.
The Grober equation is an empirical correlation, but it can
also be obtained from the boundary layer model that as-
sumes an impermeable wall and low mass transfer rates.
Geraldes et al.[25,26], have shown that the momen-
tum boundary layer growth is independent of the per-
meation fluxes in the range of interest of nanofiltration
(0.2× 10−5 m/s <Jv < 3× 10−5 m/s). Therefore, those as-
sumptions do not influence the hydrodynamics boundary
layer, and Eq.(12) can then be applied for the range of the
permeation velocities in nanofiltration systems.
The nanofiltration permeation performance is assessed
in Fig. 4, which shows the variation ofJv versusP,
at different feed dye concentrations. The deviation of the
experimental results from those calculated by the equa-
tion Jv =Lp(P− π), where Lp is the pure water per-
meability coefficient andπ is calculated by Eqs.(9)
and (11), increases with dye concentration. The flux de-
Fig. 5. Variation of apparent rejection,f, and permeate fluxes,Jv, with pres-
sure: apparent rejections obtained at several feed dye concentrations of es-
says performed at maximum cross-flow velocity,〈u〉 = 0.87 m/s (A). Perme-
ate fluxes for a feed dye concentration of 2000 mg/l at different cross-flow
velocities (B).
cline (Jv =Jv − Jw) increased from 0.3190× 10−5 m/s for
a dye concentration of 20 mg/l to 0.8117× 10−5 m/s for a
dye concentration of 2000 mg/l (in experiments run atP
of 30× 105 Pa (30 bar), 25◦C and cross-flow velocity of
0.87 m/s).
From the data of permeate fluxes,Jv and apparent rejec-
tion, f, as functions ofP obtained at different circulation
velocities,〈u〉, it was observed that both are independent of
〈u〉 (Fig. 5). Therefore, the concentration polarization resis-
tance is not contributing in a significant way to the flux de-
cline. The total resistance to permeation,Rt, is then attributed
mainly to the membrane itself and to the adsorption effects.
The intrinsic membrane resistance,Rm, was calculated
from the slope of the linear plot ofJw versusP. A value of
1.1× 1014 m−1 for Rm was obtained. The adsorption resis-
tance,Rads, was evaluated from the comparison of permeate
fluxes before (Jw) and after (J∗w) dye permeation. These re-
sults are shown inTable 1. Also a flux decline with time was
observed for a dye solution of 350 mg/l, as shown inTable 2.
Table 1
Ratio between the water flux measured before (Jw) and after (J∗w) running
experiments
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Table 2
Permeate flux along time of a 350 mg/l dye solution at pH 6.5 (operational
conditions:P= 16× 105 Pa (16 bar),T= 25◦C, 〈u〉 = 0.87 m/s)







During the permeation of dye solutions, the adsorption of
dye molecules at the membrane surface and inside the pores
contributes to the decrease of the membrane pore sizes and
as a consequence to the alteration of the pure water perme-
ability coefficient,Lp. Then a new coefficientL′p was de-
termined from the slope of the straight line obtained from
the experimental data ofJ∗w versusP. These results are
indicated inTable 3. TheL′p coefficient was shown to be a
function ofCf according to the results given inTable 3, there-
fore the adsorption resistance,Rads, is also a function ofCf ,
and is considered independent of pressure. As data suggest
RadsandCf can be correlated in the form of a Langmuir type
isotherm.
Assuming thatRads, is proportional to the amount of dye
sorbed per unit surface area,q (or to the fraction of covered
surface,θ) and considering that in the Langmuir equationq




1 + bC (13)
a similar relationship betweenRads× 1012 (m−1) and the feed
dye concentration,Cf (mg/l) could thus be written as:








Fig. 6. Adsorption resistances (Rads) for feed dye solutions (Cf ) ranging
from 2 to 2000 mg/l and curve fitting on the basis of Langmuir isotherm
type curves.
dye concentration increases,Rads increases and tends to a
plateau, as postulated by the Langmuir isotherm. A satura-
tion value ofRads(associated toRmax in Eq.(14)) is expected
to be attained which is probably influenced by the dye–dye
aggregation mechanisms[2].
Dye molecules have amino, sulphonic and hydroxyl
groups as substituents bound to the aromatic rings. Those
functional groups could interact with the membrane that
has also functional groups as carboxyl, amide and amino
[17,19–21]. The adsorption mechanism could be based on
multiple interactions such as electrostatic, hydrophobic, van
der Waals and hydrogen bonds. At its isoelectric point, the
membrane is likely to present non-ionised acid and ba-
sic groups, and so the uptake of anionic dyes is lower.
Although experiments were performed near the isoelec-
tric point (pH 6–6.5)[19,21] where electrostatic forces are
minimized, another type of forces could take place, like
those contributing to dye aggregation (e.g., van der Waals
forces, in the particular case of dye AO7) that in turn en-
hance the efficiency of the adsorption process (in a single
site two or more molecules can then be bound). Aggre-
gation increases with dye concentration and ionic strength
[2,23].
Including Rads in Eq. (10) the permeate fluxes,Jv, were
then calculated. As shown inFig. 7 experimental and cal-














hereb (0.025 l/mg) andRmax (10.45 m ) are adjustabl
arameters. The former is related to the adsorbate–ads
ffinity and the latter to the maximum adsorbate (solute) b
ng capacity. As shown inFig. 6, a good fit was obtained. A
able 3
alues of the solvent permeability coefficient,L′p and adsorption resistanc
ads, obtained at several feed dye concentrations,Cf









2000 2.76 10.20he deviations shown inFig. 4are due to the fact that the r
istance caused by adsorption should be taken into acc
lthough a small discrepancy is still observed at high p
ures and high dye concentrations (2000 mg/l).
.2. Variation of rejection coefficients with concentratio
The experimental data displayed inFig. 5 show an in
rease of the apparent rejection coefficient with the
oncentration. Adsorption effects can explain not only
ncrease of the total resistance to the permeation fl
ut also the increase of the rejection coefficients
oncentration.
According to the solution-diffusion model and specific
o Eq.(5) the intrinsic rejection coefficient of the solute,f ′
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Fig. 7. Experimental (©) and calculated fluxes (—) given by the resistance-
in-series model.
is a function of the solvent flux,Jv, and of the solute coef-
ficient permeability,B. From the experimental values ofJv
andCp and using Eq.(1) to calculateCm, theB coefficients
were calculated from Eq.(4) and correlated with feed dye
concentration,Cf , as follows:
B = 0.473∗C−0.738f (15)
The intrinsic rejection coefficients could then be calcu-
lated by the solution-diffusion model by means of Eqs.(5),
(6) and(7). Those values are compared with the experimen-
tal f ′ obtained from the definition equation
(




Fig. 8. Intrinsic rejection coefficient,f ′, as a function of the feed dye con-
centration,Cf , at pressures of (10, 20 and 30)× 105 Pa (10, 20 and 30 bar).
whereCm was obtained from Eq.(1) with the experimen-
tal values ofCf , Jv andCp. As can be observed inFig. 8
those experimental and calculated values are in good agree-
ment. For the intrinsic rejection coefficient as function ofCf ,
a Langmuir isotherm type curve was then fitted as follows:
f ′calc =
b′Cf
1 + b′Cf (16)
whereb′ is a coefficient with the value of 0.9843 l/mg. The
data were obtained atP of (10, 20 and 30)× 105 Pa (10,
20 and 30 bar), bearing in mind the applied pressure did not
show a significant effect on the intrinsic rejection coefficient.
4. Conclusions
The productivity and selectivity of the membrane re-
mained quite high during the nanofiltration of dye solutions.
Adsorption was found to be the main phenomenon contribut-
ing to the total resistance and thus it can explain the solvent
flux decline. The results obtained for permeate flux show
that the resistance-in-series model agrees closely with the
experimental data. Also, in predicting intrinsic rejections co-















as clearly found that adsorption affects not only the sol
ermeability coefficient but also the solute permeability
fficient (B), resulting in a Langmuir isotherm type curve
′ versusCf .
It should be emphasized that observed flux decline wa
ignificant for the range of dye concentrations studied (Jv
f 26.5% relatively to pure water for a dye concentratio
000 mg/l at 20× 105 Pa (20 bar)). As residual dye conc
rations in wool dyeing effluents are lower (between 30
0 mg/l, depending on the shade)[9], its removal seems n
o be a problem. Furthermore, the high rejections obta
higher than 95% at a pH 6–7) corroborate the idea tha
echnology could give a good contribution for the elimina
f those recalcitrant compounds from the environment.
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Nomenclature
A1, A2, A3 coefficients (Eq.(8))
b coefficient of a type Langmuir equation (l/mg)
b′ experimental coefficient (l/mg)
B solute permeability coefficient (m/s)
C solute concentration (mg/l)
Cf feed solute concentration (mg/l)
Cm solute concentration at the membrane surface
(mg/l)
C′m solute concentration in the membrane side fac-
ing the feed (mg/l)
Cp solute concentration in the permeate (mg/l)
C′p solute concentration in the membrane side fac-
ing the permeate (mg/l)
dh hydraulic diameter (m)
D solute diffusion coefficient (m2/s)
Dsm solute diffusion coefficient in the membrane
(m2/s)
f apparent rejection coefficient, defined by
f = (Cf − Cp)/Cf
f ′ intrinsic rejection coefficient, defined by
f ′ = (Cm − Cp)/Cm
Jv solvent volumetric flux (m/s)
Jw pure water permeation flux, defined by
-
Greek symbols
δ polarization layer thickness (m)
θ fraction of membrane surface covered
µ water viscosity (Pa s)
π osmotic pressure (Pa (bar; atm))
π osmotic pressure difference (Pa (bar; atm))
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